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a  b  s  t  r  a  c  t
World  population  will  increase  35%  by 2050,  which  may  require  doubling  crop  yields  on existing  farm  land
to minimize  expansion  of agriculture  into  remaining  rainforests,  wetlands,  and  grasslands.  Whether  this
is possible  depends  on  closing  the  gap  between  yield  potential  (Yp,  yield  without  pest,  disease,  nutrient
or  water  stresses,  or Yw  under  water-limited  rainfed  conditions)  and  current  average  farm  yields  in both
developed  and  developing  countries.  Quantifying  the yield  gap  is therefore  essential  to  inform  policies
and  prioritize  research  to achieve  food  security  without  environmental  degradation.  Previous  attempts
to estimate  Yp  and  Yw at a  global  level  have  been  too  coarse,  general,  and  opaque.  Our  purpose  was  to
develop  a protocol  to overcome  these  limitations  based  on  examples  for irrigated  rice in  China,  irrigated
and  rainfed  maize  in the USA,  and  rainfed  wheat  in  Germany.  Sensitivity  analysis  of simulated  Yp  or  Yw
found  that  robust  estimates  required  specific  information  on crop  management,  +15 years  of  observed
daily  climate  data  from  weather  stations  in major  crop production  zones,  and  coverage  of 40–50%  of  total
national  production  area.  National  Yp estimates  were  weighted  by potential  production  within  100-km
of  reference  weather  stations.  This  protocol  is appropriate  for countries  in  which  crops  are  mostly  grown
in landscapes  with  relatively  homogenous  topography,  such  as  prairies,  plains,  large  valleys,  deltas  and
lowlands,  which  account  for a majority  of  global  food  crop  production.  Results  are  consistent  with  the
hypothesis  that  average  farm  yields  plateau  when  they  reach  75–85%  of  estimated  national  Yp, which
appears  to occur  for rice  in  China  and  wheat  in Germany.  Prediction  of  when  average  crop  yields  will
plateau in other  countries  is  now  possible  based  on the  estimated  Yp  or Yw  ceiling  using  this  protocol.
© 2012  Elsevier  B.V.  All  rights  reserved.
1. Introduction
World population is projected to increase 35% by 2050, which
will require a 70–100% rise in food production given projected
trends in diets, consumption, and income (Bruinsma, 2009;
Rosegrant et al., 2009; UNFPA, 2010). Increased food production can
be achieved by raising crop yields on existing farm land, expanding
crop production area, or both. Expansion of crop area, however,
comes at the expense of substantial greenhouse gas emissions
(IPCC, 2007; Searchinger et al., 2008), which would contribute to
climate change (Karl and Trenberth, 2003).
The extent to which increased food production requires expan-
sion of cultivated area will be determined largely by crop yield
potential (Yp), which is defined as the maximum attainable yield
per unit land area that can be achieved by a particular crop
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cultivar in an environment to which it is adapted when pests and
diseases are effectively controlled and nutrients are non-limiting
(Evans, 1993). In irrigated systems, Yp is determined by tem-
perature regime and solar radiation during the growing season.
Water-limited yield potential (hereafter called water-limited yield;
Yw) is the relevant measure of maximum yield attainable in rainfed
systems. Despite the importance of Yp and Yw to food production
capacity, they are not explicitly considered in studies of indirect
land use change as affected by policies about biofuels (Searchinger
et al., 2008), conservation of biodiversity (Phalan et al., 2011), or
future food security (Godfray et al., 2010). Accurate estimates of
Yp and Yw are also needed to interpret yield trends in regions and
countries where aggregate data indicate yield stagnation (Cassman
et al., 2003; Lobell et al., 2009). For example, rice yields appear to
have plateaued in Japan and China; maize yields have been stag-
nant in China, Italy, and France; and wheat yields are not increasing
in northern Europe and India (Brisson et al., 2010; Cassman et al.,
2010). Yield stagnation in these major grain production areas puts
pressure on other regions to either accelerate yield growth rates or
expand cultivated area to make up the difference between global
supply and demand. Hence, understanding the cause of these yield
0378-4290/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
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plateaus is critical to determining whether it is possible to resume
yield advance or if the focus should be placed on accelerating yields
in other grain producing regions.
One explanation for yield plateaus is that average farm yields
have approached a Yp or Yw ceiling. That is, plateaus occur because
it is impossible for average yield in a region or nation to reach
Yp or Yw for two reasons: (1) 100% of farmers cannot achieve
the perfection of crop and soil management required to reach
Yp or Yw, and (2) crop response to additional inputs exhibits a
diminishing marginal yield benefit as yield approaches the ceil-
ing, which decreases the marginal cost-benefit of additional inputs
and reduces incentives to exploit the small remaining gap between
farm yield levels and Yp or Yw. This is not to say that plateaus are
due to reduced efficiencies in response to inputs. On the contrary,
improved cultivars with improved resistance to biotic and abiotic
stress resistance achieve higher yields than the older cultivars they
replace at the same level of inputs, which means greater input use
efficiencies. Instead, plateaus may  reflect the fact that as yields rise
toward the plateau, marginal return to additional inputs become
smaller and thus farmers have less motivation to try and achieve
highest possible yield. Therefore, average regional and national
yields can be predicted to plateau when they reach 70–90% of Yp
or Yw (Cassman, 1999; Cassman et al., 2003; Grassini et al., 2009).
Because there is little evidence that the Yp ceiling has increased
during the past 30 years in maize and rice (Cassman, 1999; Duvick
and Cassman, 1999; Peng et al., 1999) or wheat (Graybosch and
Peterson, 2010), accurate estimates of ceiling yield levels are criti-
cal to determine whether plateauing crop yields result from lack of
an exploitable gap between average farm yields and Yp in irrigated
systems, or Yw in rainfed systems.
At issue is whether available methods to estimate Yp and Yw are
good enough to help interpret yield trends that indicate a plateau
or to inform development of policies that seek to reduce GHG emis-
sions from agriculture, including direct and indirect effects of land
use change. Crop simulation models can be used to estimate Yp and
Yw based on current management, genetic features of the crop,
weather and water supply. But crop models that perform well in
evaluation of yield at the field or farm levels do not generally per-
form well when scaled up to regional or national levels (Wit  et al.,
2005). In large part this performance problem reflects difficulty in
scaling weather data from point estimates at ground-based stations
to larger geospatial scales.
A common approach for estimating current or future crop
yields at a global level utilizes a weather database interpolated
to 0.5◦ × 0.5◦ grid, or roughly 3100 km2 at the equator (Fischer
et al., 2002; Lobell and Field, 2007; Priya and Shibasaki, 2001).
The strength of this interpolated grid approach is that it provides
global coverage of terrestrial ecosystems. Two weaknesses of spa-
tial interpolation of data are: (1) it reduces the degree of variability
in temperature, rainfall, and solar radiation across a landscape due
to variation in topography within the grid cell, and (2) the geospa-
tial distribution of crop area within a grid is not uniform and is
typically concentrated in certain zones across the landscape. The
attenuation of variability in temperature, rainfall and solar radia-
tion can result in over or under-estimation of yields for crops that
rely on rainfall by as much as 10–50% (Baron et al., 2005). Further-
more, the quality of geospatially interpolated weather data is not
uniform across the globe because geospatial density of weather sta-
tions is very low in some regions. Another approach is to assume
highest yielding fields for a particular environment as yield poten-
tial yields, but these yields may  be the result of a single good year
and do not represent long-term average yield potential for a given
location (Licker et al., 2010). Assuming all areas of the globe can
be handled in the same way ignores complexity in the geospatial
distribution of cultivated land due to differences in topography and
weather. Use of actual weather data over a number of years from
ground stations that are spatially congruent with geospatial distri-
bution of crop production avoids such weaknesses associated with
use of interpolated weather data or “averaged” crop production
statistics in estimating Yp or Yw.
Another issue is the most appropriate time-step for weather
data used to simulate crop yields. Previous global, national, and
regional estimates of Yp or Yw are mostly based on weather data
derived from monthly means or simulated climatic years based on
historical variances (Andarzian et al., 2008; Deryng et al., 2011;
Neumann et al., 2010; Nonhebel, 1994; Priya and Shibasaki, 2001;
van Bussel et al., 2011). However, monthly means are too coarse
and interpolating these means to derive daily values does not cap-
ture within month variability adding additional uncertainty to the
weather input data. Accurate simulation of Yp or Yw requires a
daily time step to fully capture the impact of current crop manage-
ment practices, or adaptive management in response to changes
in climate as well as the historical variability of weather within
the course of the month. Both Yp and Yw are highly sensitive to
the date of planting and cultivar selection in terms of maturity,
which together determine the timing of key growth stages and
length of crop-growing season (Cassman et al., 2010; Grassini et al.,
2009; Wang and Connor, 1996; Yang et al., 2006). Such sensitivity is
especially important to estimate Yp and Yw by simulation of crops
grown in temperate agroecological zones, such as the U.S. Corn Belt,
where length of growing season is determined by expected date of
first and last frost. Specification of planting and maturity dates also
are important in multiple cropping systems in tropical and semi-
tropical regions where two or three crop cycles occur each year on
the same field.
In addition to weather data with daily time-step, an appropri-
ate simulation model is needed to estimate Yp and Yw.  Models
should be well documented and validated against yields of crops
grown in fields where, apart from weather, yield-limiting factors
have been eliminated (Kropff et al., 1993; Lobell et al., 2009; Yang
et al., 2006). While some previous studies have used generic, non-
species-specific relationships between incident solar radiation and
plant biomass production to estimate net primary productivity
(Penning de Vries et al., 1997; Doorenbos and Kassam, 1979), such
models are not able to simulate crop phenology, which is controlled
by species-specific traits essential for accurate simulation of crop
maturity and grain yield.
Based on review of the literature, we  conclude that available
methods do not give robust, reproducible, and transparent esti-
mates of crop Yp or Yw at regional to national scales. Given the
need for accurate estimates of ceiling yield levels for interpreting
current yield trends and for studies of future food security and land
use under changing climate, we  set out to develop an appropri-
ate method for estimating these yield benchmarks at regional to
national scales. To develop such a protocol requires addressing the
following issues: (1) what are the minimum weather data require-
ments for accurate simulation of Yp or Yw at a given location, (2)
what level of specificity in crop management practices is required,
and (3) how best to scale up estimates of Yp and Yw from location-
specific estimates to regional and national scales. These questions
were examined for rainfed and irrigated maize in the USA (28 Mha
and 4 Mha  harvested area, respectively), irrigated rice in China
(30 Mha), and rainfed wheat in Germany (3 Mha). Our attempts to
answer to these questions led us to propose a protocol for estimat-
ing Yp and Yw at regional to national scales.
2. Materials and methods
2.1. Geospatial distribution of harvested crop area
A geospatial database of harvested crop area (Portmann et al.,
2010) was used to identify regions with large crop production area.
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Fig. 1. Distribution of NOAA weather stations with 20+ years of weather data since 1985.
This dataset contains the harvested area of 26 crops on a 0.5◦ ×0.5◦
global grid, and for each crop, it distinguishes irrigated from rainfed
harvested crop area. To our knowledge, it is the most detailed and
comprehensive geospatial database on crop area distribution cur-
rently available. Of particular note is that the geospatial distribution
of crop area was based on nationally reported data corroborated by
satellite imagery.
2.2. Selection of reference weather stations and quality control
measures
Weather databases of sufficient geospatial coverage and qual-
ity are essential in simulating crop yields at larger scales. We
used observed weather data from selected stations, referred to as
reference weather stations (RWS), found in the National Oceanic
and Atmospheric Association (NOAA), Global Summary of the Day
(GSOD). This global dataset includes daily values for surface max-
imum and minimum temperature (Tmax, Tmin), precipitation,
wind speed, and dew point temperature (National Oceanic and
Atmospheric Association, 2010). Data from stations in this database
undergo a number of quality control measures as described
at: http://www.ncdc.noaa.gov/oa/climate/ghcn-daily/. Geospatial
coverage is quite dense in North America, Europe and East Asia,
and reasonably well distributed in populated areas of south and
southeast Asia, Africa, and Latin America (Fig. 1). Weather stations
are sparse, however, in areas with low population density or lack
of infrastructure.
Weather stations were only considered as a potential RWS  if
they: (1) had at least 20 years of data since 1980, (2) were located in
a province or state that contained > 2% of total national production
for the crop in question, and (3) had fewer than 10% of data-days and
fewer than 30 consecutive data-days missing. Using the Portmann
et al. (2010) geographic distribution of crop area, ArcGIS was used
to iteratively sum the harvested area within a buffer zone of fixed
radius around each station, and stations within a country were then
ranked. The station with greatest harvested area within this buffer
zone was  selected as a reference weather station (RWS). All other
stations near the selected RWS  (within twice the distance of the
buffer zone radius) were then eliminated from further consider-
ation to avoid overlapping buffer zones, and the station with the
largest harvested crop area among remaining stations was then
selected as a second RWS. The process was repeated until >50% of
nationally harvested area fell within 100 km of selected RWS. In
some cases crop production area is highly concentrated such that
>50% of nationally harvested area cannot be achieved without some
overlap among RWS. In this case, 5 km incremental overlap was
allowed until >50% of nationally harvested area could be achieved
with 25 stations or less. This selection process avoided subjective
selection of RWS, limited the number of stations required for esti-
mation, minimized overlap of buffer zones used for weighting, and
provided good geospatial coverage of regions that contributed most
to total national production of the crop in question. Minimizing
the number of RWS  becomes important because information about
crop management practices within buffer zones is also required
for accurate Yp and Yw simulation, and it requires considerable
effort to obtain these data (see Section 2.4 below). A buffer zone of
100 km was  used for this study. Zones of 50 km and 150 km were
also considered, but did not allow for 50% coverage of harvested
area because of too much overlap (150 km) or not enough area
covered (50 km)  (data not shown). Preliminary evaluations of sta-
bility of Yp and Yw estimates based on number of consecutive years
of weather data and amount of crop area covered by RWS  buffers
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Table  1
Influence of date of transplanting or direct seeding (D. seed) planting dates and maturity date, or both (day of year = DOY) on simulated Yp (Mg ha−1) using NOAA-SR2 for
select  provinces and rice cropping systems.
Province Season Base Yp (Mg  ha−1) Transplant DOY Maturity DOY Transplant and maturity DOY
+7 −7 +7 −7 −7, +7 +7, −7
Sichuan Single 9.2 −4% 3% 7% −10% 10% −13%
Anhui Early 3.3 −11% 11% 15% −15% 18% −23%
Anhui  Middle 8.6 −5% 3% 13% −14% 16% −18%
Anhui D.Seed 6.1 −15% 12% −6% −8% 22% −24%
Anhui  Late 4.4 −10% 0% 4% −10% 13% −18%
indicated that 20 years and 40–50% area coverage was sufficient
to obtain stable estimates. This was confirmed by more thorough
analysis as provided in this paper.
Using this RWS  selection procedure made it possible to obtain
>50% coverage of total national harvested area for irrigated
rice in China (∼29 Mha  total harvested area, five-year average,
2004–2008) and irrigated maize in the USA (∼3 Mha total harvested
area, 2004–2008) without need for overlap among RWS  (Table 2).
In contrast, rainfed maize production in the USA (∼28 Mha,
2004–2008) is highly concentrated in the central and eastern Corn
Belt, as are weather station data, such that up to 25 km overlap was
required between some of the RWS  to cover 14 Mha  (50%) of har-
vested area based on the Portmann et al. (2010) geospatial data.
Because of relatively small land area and relatively large number
of weather stations with good quality weather data in Germany,
only 6 RWS  were required to cover >50% of total harvested area of
rainfed wheat (∼3 Mha).
Weather data for each selected RWS  were subjected to quality
control (QC) measures to fill in missing data and identify and correct
erroneous values that occur due to technical problems common in
weather data acquisition. A spatial regression test (SRT) (Hubbard
et al., 2005) was used to check and correct weather data at a given
RWS  against data from nearby stations based on the strength of cor-
relation between nearby and reference station data. Developed for
use in the Midwest USA, this QC method was found to outperform
other QC approaches in a wide variety of climate-zones (Hubbard
et al., 2007; You et al., 2008). At least 2 nearest stations were used
with the SRT to identify and correct missing and suspicious values
for Tmin, Tmax, dew point temperature, wind speed, and precipita-
tion. Typically about 0.5% of observations were corrected, roughly
2 days per year. Following Hubbard et al. (2005),  a daily value was
flagged as suspicious if it was greater than 3 standard deviations
(5 for precipitation) from the SRT value, which is a regression-
estimated value based on 15 days before and after the daily value
in question. In rare cases where a single daily record was missing
from the RWS  and nearby stations (<0.01% of all values), the aver-
age of the preceding and succeeding day was substituted for the
missing value.
Evapotranspiration, relative humidity, incident solar radiation,
and vapor pressure are not measured or reported in the NOAA
weather data, but they are required by one or more of the crop
simulation models used in this study. Hence, evapotranspiration
and relative humidity were estimated following Allen et al. (1998).
Vapor pressure was estimated using the Wobus method (Gerald
and Wheatley, 1984). Incident solar radiation was  obtained in one
of two ways: (1) derived from the square root of the difference
between daily minimum and maximum temperature multiplied
by extraterrestrial solar radiation and a constant (Hargreaves and
Samani, 1982) or (2) obtained from NASA agroclimatology solar
radiation data, which are available on a 1◦ by 1◦ global grid. These
data were obtained from the NASA Langley Research Center POWER
Project funded through the NASA Earth Science Directorate Applied
Science Program. We therefore had two  sources of NOAA weather
data for crop simulation, both using actual data for temperature and
rainfall but with different sources of data for solar radiation: either
derived (Hargreaves and Samani, 1982), hereafter called NOAA-
SR1, or based on solar radiation from the NASA-POWER database,
hereafter called NOAA-SR2.
2.3. Soil properties
Soil texture and bulk density have a large influence on water
holding capacity and are required for simulation of Yw (Saxton
et al., 1986). For each RWS, the dominant agricultural soil within the
100 km buffer zone was identified. For U.S. maize production, soil
texture was identified for the most abundant soil type associated
with the densest maize production area within each RWS  selected
as a RWS  for irrigated or rainfed production. This was  achieved by
evaluating soil types and area distribution in the SSURGO database
(Soil Survey Staff, 2010) in relation to the geospatial distribution
of 2009 maize area (NASS, 2010a)  within each 100 km RWS  buffer
zone. When there were two or more soils of similar extent and
congruence with maize area, the soil with highest land capability
class (Klingebiel and Montgomery, 1961) was selected as the most
representative soil for maize production in the RWS  buffer zone. In
Germany soils within each RWS  were identified using a digital soil
map  (1:1.000.000) using soil profile descriptions for dominant soil
types from Hartwich et al. (1995).  For irrigated rice, soil water hold-
ing capacity is not a sensitive variable for simulation of Yp because
it is assumed that farmers can apply irrigation whenever rainfall
falls below crop water requirements. Therefore, simulations of rice
Yp in China did not require specification of soil properties.
2.4. Crop management
For the crops and countries examined here, farmers have ready
access to latest technologies and information regarding planting
dates, seeding rates or transplanting patterns, and cultivars. Indeed,
Table 2
National estimated Yp and reported 5-year average (2004–2008) yields (taken from IRRI for China, FAO for Germany and NASS for the US).
Country-crop Years Water
regime
Harvested area in 100 km
buffer zones (Mha)
Harvested areaa
(Mha)
Coverage Ya (Mgha−1) Yp (Mgha−1) Ya/Yp (%)
China-rice 86–08 IR 15.0 29.12 51% 6.4 7.8 82%
US-maize 86–08 RF 14.0 27.7 50% 9.7 13.2 73%
US-maize 86–08 IR 1.9 3.5 54% 11.7 15.1 77%
German-wheat 86–08 RF 1.6 3.1 52% 7.6 9.5 80%
a 2004–2008 average harvest area from FAO (2010) for China and Germany and NASS (2010b) for the US.
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there are few barriers to alter management of these practices if
such changes would result in higher yields and profit. For this rea-
son, management specifications for all simulations were based on
current average farmer practices in each location where Yp or Yw
was simulated.
Management practices and the extent of harvested area for rice
systems in China were obtained from agronomists in each of the
major rice-producing provinces across China. Dominant rice crop-
ping systems ranged from three, two, or one rice crop per year
on the same piece of land depending on whether the climate was
warm enough for year-round crop production. More than 40 differ-
ent rice-based cropping systems were identified in 17 provinces.
For each rice crop, in each of the different cropping systems, crop
management data included plant population for direct-seeded rice
or hill spacing in transplanted rice, date of sowing or transplanting
and transplant seedling age, date of flowering and maturity, and the
most widely used cultivar. Emergence was assumed to occur 7 days
after direct seeding. Crop phenology (seeding, flowering, and matu-
rity dates) and transplanting dates reported for each rice cropping
system within a province were used to estimate genotype-specific
coefficients required for simulation of Yp within RWS  buffer zones
located in that province using companion software of the rice sim-
ulation model (ORYZA2000).
Data for average U.S. maize sowing date by county were
obtained from the USDA’s Risk Management Agency (RMA), which
requires farmers enrolled in USDA insurance programs to report
their planting dates by field. For each county in which a RWS  was
located, the planting date was considered to be the date on which
50% of the maize area was planted (mean value for 2003–2008).
Seeding rate and growing degree days required to reach matu-
rity for the most common hybrids used were obtained from field
researchers, seed company agronomists, and farmers familiar with
crop management practices in buffer zone areas around each RWS.
If long-term average yields simulated by the maize crop model (see
Section 2.5 below) using the reported hybrid maturity (quantified
by cumulative relative maturity days, called CRM) had a >20% risk
of frost occurring before end of grain filling, CRM was  adjusted a few
days earlier until risk of frost was <20%. Hybrid maturity, quantified
in cumulative relative maturity days (CRM), was adjusted down.
Phenological data for wheat in Germany (sowing, emergence,
spike emergence, physiological maturity) were obtained from
observations of the German Weather Service (DWD, www.dwd.de).
Data of regional wheat area, yields, and the most widely used
cultivars in different regions were obtained from the literature
(Seling and Lindhauer, 2005; Seling et al., 2009), while informa-
tion on most widely used seeding rate were obtained from wheat
breeders and agronomists. Genotype-specific parameters for the
cultivars used were obtained from the GENCALC program, which
iteratively changes genotypic coefficients until simulation results
match reported dates of phenological stages (Hunt et al., 1993).
2.5. Crop simulation
Crop Yp and Yw were simulated from 1990–2008 using
ORYZA2000 for rice in China (Bouman et al., 2001), 1990–2008
using HybridMaize for maize in the US (Yang et al., 2004), and from
1983–1992 using CERES-Wheat for wheat in Germany (Ritchie
et al., 1985). Each of these models requires daily values of maxi-
mum and minimum temperature and solar radiation to simulate
Yp, and also rainfall for simulation of Yw. Grain yield outputs from
the models are reported at standard moisture contents of 14, 15.5,
and 13.5 kg H2O kg−1 grain for rice, maize and wheat, respectively.
Each of these models have been well documented and validated in
field experiments with optimal management to allow expression of
Yp or Yw across a wide range of environments (Boling et al., 2010;
Bouman and van Laar, 2006; Feng et al., 2007; Ghaffari et al., 2001;
Grassini et al., 2009; Liu et al., 2008; Singh et al., 2008; Timsina
and Humphreys, 2006; Yang et al., 2006, 2004). ORYZA2000
requires four genotype-specific coefficients to determine pheno-
logical development and final maturity, and it simulates daily
canopy CO2 assimilation and total respiration. Daily net carbon
assimilation is estimated by difference and assimilate is allocated
to roots, stems, leaves and grain depending on stage of develop-
ment (Bouman et al., 2001). HybridMaize is similar in structure
to ORYZA2000, but only requires a single genotype-specific input
parameter: growing degree days until the crop reaches physiolog-
ical maturity (Yang et al., 2004). Most of the major seed companies
provide information on growing degree days to physiological
maturity for their commercial hybrids. Unlike ORYZA2000 and
HybridMaize, which simulate gross photosynthesis and respiration
separately, CERES-Wheat uses temperature-adjusted radiation use
efficiency to convert photosynthetically active intercepted radia-
tion into dry matter (Jones et al., 2003; Ritchie et al., 1985, 1988).
CERES-Wheat requires 6 genotype-specific coefficients to simulate
phenological development in response to temperature, photope-
riod, and vernalization requirements.
2.6. Estimating Yp or Yw at regional and national scales
Regional or national estimated yield potential (YPR ) is a produc-
tion weighted average defined as:
YPR =
∑
PP
i∑
Hi
for all i in the region and for PPi = YPi × Hi (1)
where PP
i
is the potential production, Hi is the harvested area within
100 km,  and YP
i
is the estimated Yp or Yw of RWS  i. An estimate of Yp
or Yw within a RWS  100 km buffer zone is derived from simulations
based on the weather data from the RWS  and crop management
practices in the region as described above. For regions where more
than one crop is grown each year on the same piece of land, such as
the multiple rice cropping systems in China, YP
i
is defined as total
potential production of each cropping system (early-season, late-
season, etc.) divided by the total area planted to all rice cropping
systems simulated at that RWS. These national, long-term aver-
age Yp and Yw estimates were compared against reported 5-year
average national yields (Ya). These Ya data are representative at
the national scale, not at a regional scale. While this method of up-
scaling works well for countries in which crops are grown in large,
mostly homogenous topographies, as is the case for the crops and
countries examined in this paper, modification of up-scaling will
be required, such as use of smaller buffer zones and agro-climatic
zones, in countries where crops are grown in regions with greater
heterogeneity in topography.
2.7. Evaluation of requirements for robust Yp and Yw estimation
Simulations of Yw for rainfed U.S. maize and German wheat
were evaluated using three sources of weather data: NOAA-
SR1and NOAA-SR2 as previously described, and a benchmark data
source that provides daily measurement of all parameters required
for crop simulation. For maize, the benchmark databases were
obtained from the High Plains Regional Climate Center (HPRCC,
2011), which is a network of weather stations in the western Corn
Belt. For wheat, benchmark data were obtained from the Ger-
man  Weather Service (DWD, 2009). For irrigated rice in China,
the benchmark weather data came from the China Meteorological
Association (CMA, 2009). In each country, four sites were selected
at which there were both a benchmark and NOAA weather station
with at least 10 years of weather data (1990–2008 for US and
China, 1983–1992 for Germany). Sites included Cedar Rapids, IA,
Lincoln, NE, McCook, NE and Grand Island, NE in the USA, Bad
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Hersfeld, Braunschweig, Düsseldorf, and Geisenheim in Germany,
and Chengdu, Chongqing, Nanning, and Gushi in China.
To explore how many years of weather data are required to
obtain a robust estimate of long-term average Yp or Yw, we sim-
ulated Yw at 23 sites across the U.S. Corn Belt from 1986–2009
and then calculated the average Yw for each and every consecu-
tive interval of 2, 3, 4. . . and 23 years within these datasets. This
gave us 21 observations of 2-year averages, 20 observations of 3-
year averages, etc. at each site. The mean and standard deviation of
all observations for each interval were then computed and used to
calculate the coefficient of variation (CV).
To evaluate sensitivity of Yp and Yw to specification of manage-
ment practices, simulations were performed using reported and
modified management practices and crop phenology for selected
sites. For selected simulations of rice Yp in China (in Houshan,
Anhui and Chengdu, Sichuan), transplanting date (or seeding date
for directly seeded systems), maturity date (representing an ear-
lier or later maturing cultivar), and a combination of the two  were
adjusted by ±7 days compared to reported values. For selected
rainfed US maize simulations (Grand Island, NE, Cedar Rapids, IA
and Grissom, IN), planting date was adjusted by ±7 and ±14 days,
cumulative relative maturity days were adjusted by ±4 days, seed-
ing rate was adjusted by ±12,000 seeds ha−1 and a combination of
these adjustments were compared with simulations made using
the reported management. These sites were selected for this sensi-
tivity analysis because they represent a wide range of rice cropping
systems for irrigated rice in China, and for large differences in rain-
fall across the U.S. Corn Belt.
The influence of harvested area covered by RWS  buffer zones
contributing to national estimates of Yp or Yw was  examined
through calculations of Yw for US, Yp for China, and Yw for Germany
by incrementally adding a station to the national estimate, follow-
ing the previously described protocol for selecting stations, until
50% or more of nationally reported harvested area was covered by
100 km buffers. At issue was how much area coverage was needed
to achieve a stable estimate of Yp or Yw.
3. Results
3.1. Evaluation of weather data requirements
For Yp or Yw simulated using benchmark weather data, NOAA
temperature and rainfall coupled with derived solar radiation
(NOAA-SR1) largely overestimated Yp and Yw compared to NOAA
data with NASA observed solar radiation (NOAA-SR2) (Fig. 2). The
overestimation was greatest for irrigated rice in China (+41%), mod-
erate for rainfed wheat in Germany (+12%), and relatively small for
U.S. rainfed maize (+4%). Within China, overestimation was  greatest
in Sichuan, a mountainous province where rice is grown in irrigated
valleys as opposed to other provinces where topography is mostly
flat. Topography in maize and wheat producing areas of the USA
and Germany is also mostly flat. In the US Corn Belt, estimated
solar radiation closely approximated observed solar radiation, per-
haps because this area is similar to the one in which the estimation
procedure was  calibrated (Hargreaves, 1994).
Annual estimates of Yp or Yw were averaged from 1986–2009
(from 2 to 23-year averages) and the CV of these long-term,
consecutive-year average estimates compared. Long-term average
estimates were considered robust if they achieved a CV less than
0.05. For rainfed maize in the U.S. Corn Belt, the number of consec-
utive years of weather data required to obtain a Yw estimate with a
CV of 0.05 was associated with mean annual rainfall across a tran-
sect of RWS  in the U.S. Corn Belt (Fig. 3). At locations where annual
rainfall was >900 mm (>−90◦ longitude), only 2–8 years consecu-
tive weather data were needed whereas 11–15 years were required
Fig. 2. Comparison of Yp simulated with two sources of NOAA weather data, either
using derived solar radiation (NOAA SR1) or observed solar radiation from the NASA-
POWER database (NOAA-SR2) versus a benchmark from weather stations at which
all  required weather data were directly measured. Values shown represent 19-year
means for each of four sites for rice and maize and 10-year means for each of four
sites  in Germany.
at sites with annual rainfall <700 mm (<−96◦longitude). In a sim-
ilar exercise for 10 RWS  and 32 systems of irrigated rice in China,
a CV of 0.05 was  achieved within 12 consecutive years for all sites
analyzed.
3.2. Sensitivity of Yp to changes in crop management
Relatively small changes in crop management specifications as
input to yield simulations had relatively large effects on Yp of rice
(Table 1). The impact of management was greatest in crop sys-
tems practiced in Anhui where farmers grow at least two crops
annually on the same piece of land. For example, delay or advance
of transplanting date by seven days resulted in Yp estimates that
were −15 to +12% greater than reported transplanting dates. Sim-
ilarly, increasing or decreasing crop maturity by seven days led to
a range of −15 to +15% in simulated Yp. And if farmers combined
both delayed or advanced transplanting with rice cultivars with a
longer or shorter maturity, the range in simulated Yp varied by as
Fig. 3. Years of consecutive weather data required to obtain simulated Yw for maize
in  the U.S. Corn Belt with a CV of 0.05. The easternmost location is Youngstown, OH
while the westernmost is Grand Island, NE. Average annual rainfall for two locations
at  extremes of the regression line are provided as reference points for the insert,
which shows the east–west pattern of the annual rainfall gradient.
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much as 46% (direct seeded; D.Seed) compared to current practices.
In Sichuan with only one rice crop per year, Yp was somewhat less
sensitive to effects of changes in management with a range of 25%
in Yp due to combined effects of transplanting date and cultivar
maturity. Like Sichuan, only one maize crop is planted each year in
the U.S. Corn Belt. Changing relative maturity by ±4 days (roughly
equivalent to 52 growing degree days, Celsius), resulted in more
than 1 t ha−1 difference in Yw. And although the impact of increas-
ing relative maturity by +4 days to achieve a longer growing season
had a positive effect on simulated Yw, it increased the risk of frost
occurrence before grain filling ends, which increased variability in
Yw (data not shown).
3.3. Geospatial coverage necessary for accurate characterization
of national Yp and Yw
National estimates of Yw for both U.S. maize and wheat in
Germany were robust with only a small portion of national pro-
duction area coverage. For example, average simulated Yw of U.S.
rainfed maize ranged from 13.4 to 14.3 t ha−1 as the proportion of
total rainfed maize area covered by RWS  buffer zones increased
from about 10% to 40%. In contrast, estimated national Yp of irri-
gated rice in China varied from 12 t ha−1 to about 8.0 t ha−1 as the
proportion of covered area increased from 5% to 40% of total rice
area (Fig. 4). This is due to three factors: (i) selection protocol for
choosing RWS, (ii) spatial distribution of rice yields in China, and
(iii) wide diversity of rice cropping systems found in China, where
2 or even 3 rice crops are planted each season, making windows
for optimal sowing and harvesting relatively narrow. According to
the protocol, the first RWS  selected are those in areas with greatest
rice production area density within the 100 km buffer zones around
candidate weather stations. In China, these areas also have the high-
est yield potential, meaning that as lower-yielding production areas
are added to the weighted national average, the estimated national
Yp declines. It therefore required at least 40% coverage of harvested
crop area to attain consistent national yield estimates for irrigated
rice in China due to the large diversity of cropping systems. In con-
trast, stable estimates of Yp or Yw were obtained with relatively
low coverage of harvested crop area for US maize and wheat in
Germany where topography, climate, and cropping systems are
relatively homogeneous. In all three countries, coverage of 40% of
harvested area within 100 km of RWS  provided robust estimates of
Yp or Yw and estimates were not improved by adding additional
RWS  to increase coverage of harvested area.
3.4. National Yp and Yw estimates
National Yp estimates for irrigated rice in China and maize in the
USA, and rainfed Yw for U.S maize and rainfed wheat in Germany
are given in Table 2. Each estimate is based on selected RWS  that
include at least 50% of total production area for each crop, which
required 22 RWS  and nearly 100 simulations for Yp of rice in China
(including the different rice cropping systems), 24 RWS  and an
equivalent number of simulations for Yw of US rainfed maize, 4
RWS  and simulations for Yp of U.S. irrigated maize, and 6 RWS  and
simulations for Yw of rainfed wheat in Germany. In China, multi-
ple cropping systems and the location of some RWS  buffer zones
across neighboring provinces required a large number of simula-
tions based on the rice cropping systems in each province.
Average farm yields of rice in China and wheat in Germany were
82 and 80% of estimated national Yp and Yw, respectively. In con-
trast, current average Yw of rainfed U.S maize was  only 73% of
estimated Yw, which indicates a larger exploitable yield gap than
for rice in China or wheat in Germany. Likewise, rainfed US maize
has a larger yield gap than irrigated maize.
Fig. 4. Variation in estimated national Yp or Yw maize in the US, rice in China and
wheat in Germany as influenced by the number of reference weather stations (solid
black circles) and associated proportion of harvested total crop area used to simulate
Yp or Yw (open black circles). Range of simulated Yp or Yw at all reference weather
stations (RWS) are shown by the open red circles. The number of RWS  at which 50%
coverage of national harvested area occurs is shown by the black dotted line.
4. Discussion
Quantitative analyses of food security and environmental
change are often performed to help guide formulation of regional
and national policies. Accuracy, reproducibility, and transparency
are essential attributes of such studies in order to allow challenge
by others and to instill confidence in the results. These attributes
are difficult to achieve in estimations of Yp and Yw due to limita-
tions on quality of weather data at appropriate geospatial densities
that are congruent with distribution of harvested crop area, scarcity
of geospatially explicit information on crop management practices
and soils, and lack of appropriate crop models. Results from the
current study, however, indicate it is possible to attain robust and
transparent estimates of national Yp or Yw if careful attention is
given to the more sensitive components of Yp and Yw estima-
tion. The methodology explored within this paper is most suitable
for countries in which crops are mostly grown in prairies, plains,
large valleys, deltas, and lowlands where topography is relatively
homogenous. It is noteworthy that a large majority of global food
crop production of the major cereal crops occurs in countries where
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these crops are grown on prairies, plains, large valleys, deltas, and
lowlands. Moreover, the approach used here would be applicable
to countries in which crops are grown in more complex topogra-
phies although protocols may  require modification. For example,
buffer zones of 50 km,  100 km and 150 km were considered in the
current study (data not shown). While 50 km zones were unable to
capture more than 40% of harvested area without a large number
of RWS, especially in the US and China, 150 km zones caused too
much overlap among candidate weather stations. For these reasons
the 100 km buffer zones were chosen for this analysis. In countries
where crops are grown in more heterogeneous landscapes than
those examined in this paper, smaller buffer zones may  prove more
appropriate and it may  be necessary to up-scale estimates of Yp or
Yw from RWS  to national levels using extrapolation based on agro-
climatic zones. In addition to smaller buffer zones, beneficial future
work would also examine variability in soil water holding capac-
ity and its effect on simulation and upscaling results. For the two
countries where Yw was simulated, terrain is relatively flat and soil
types on which the majority of the crop is grown are relatively uni-
form and so only a single, dominant soil type was used as input into
model simulations.
Estimates of Yp and Yw are significantly affected by several key
factors. These include weather data quality and estimation proce-
dures, specification of planting date and cultivar or hybrid maturity,
the number of years simulated to estimate long-term average Yp
or Yw, and geospatial weighting procedures to arrive at aggregated
estimates at provincial or national scales. Each of these factors affect
estimates of Yp or Yw to a greater or lesser degree depending on
the specific cropping systems, location, and distribution of available
data for the crop and country under investigation. For example in
U.S. rainfed maize, variability in estimates of Yw depended on rain-
fall with high rainfall areas (>850 mm year−1) requiring only 5–7
years of weather data to achieve a CV < 0.05 while more than 10
years were required to achieve a similar low CV for estimates of
Yw in low rainfall areas (<700 mm year−1). Thus it seems likely
that duration of weather data required for robust simulation of
long-term Yw increases as rainfall decreases or rainfall variability
increases. For irrigated rice in China, however, no clear trend with
rainfall was observed because irrigation eliminates yield-reducing
impact of dry years.
The source of solar radiation data was also a sensitive factor
in simulation of Yp or Yw. For irrigated rice in China, estimates
of solar radiation performed poorly in simulating Yp in regions
where topography was mountainous. Although the weather sta-
tions themselves are located on flat terrain, temperature in these
areas may  be more affected by mountainous climate (thinner air,
rain shadow affects, and trapped air) rather than by cloud cover and
solar radiation, which makes derivations of solar radiation based
on diurnal temperature range a poor proxy for incident radiation
(Thornton and Running, 1999; Winslow et al., 2001). The overes-
timation in non-mountainous regions may  result from particulate
air pollution, which reduces incident solar radiation and increases
night time temperature and is subsequently high in the industri-
alized central and eastern China where a majority of rice is grown
(Menon et al., 2002). In contrast, estimation of solar radiation based
on the difference in Tmin and Tmax appears to be much more accu-
rate for simulation of crop Yp and Yw in the Midwest USA because
the algorithm for the derivation was based on research conducted
in this region (Hargreaves, 1994), and because there is relatively
little air pollution. But given the lack of accuracy in modeled solar
radiation in areas with variable topography or with particulate air
pollution, a standard method for estimating Yp or Yw would prefer-
ably rely on observed or satellite derived solar radiation (Bai et al.,
2010; White et al., 2011).
Results from this study emphasize the importance of specifying
current crop management practices to obtain relevant estimates of
Yp or Yw at regional or national scales. While some may  argue the
value of simulating maximum possible Yp or Yw without regard to
current management practices and cropping systems, such esti-
mates do not account for the biophysical and socio-economic
constraints under which farmers must operate. Indeed, historically
and globally farmers are efficient in allocating their land, labor
and capital to optimize profit and reduce risk (Herdt and Mandac,
1981; Hopper, 1965; Sheriff, 2005). For the three countries in which
yield gap was  evaluated in the current study, crop yields are rela-
tively high and farmers have access to recommendations about best
management practices. There are typically no barriers to farmer
adoption of earlier or later sowing, use of longer or shorter maturity
cultivars, different seeding rates or transplanting patterns if farm-
ers believed that such changes made a significant difference in yield
and profit. And in multiple cropping systems farmers are not seek-
ing to optimize production of a single crop but rather of an entire
system that includes several crops, such as the case of irrigated rice
systems in much of China. Therefore, farmers are likely to use the
most appropriate combination of sowing date and crop maturity
for their cropping system considering risks and costs associated
with other options. And while there might be small yield gains
from changing plant populations from current practices, there is
no published evidence defining “optimal” populations across the
wide range of environments evaluated in this study.
The impact of using appropriate specification of crop manage-
ment can be seen in both local and regional or national scales.
For example, a change of only 7 days in planting date for irrigated
rice in China affected simulated Yp by as much as a 1 Mg  ha−1 or
more. Given the harvested area of irrigated rice in Anhui Province,
a difference of 1 Mg  ha−1 represents 2.7 million metric tons total
production, which is equivalent to 550,000 ha of high quality farm
land at current average yield levels or the annual rice consump-
tion of over 25 million people at current rice consumption levels
in China (Zhai and Yang, 2006). Given this sensitivity to sowing
date, estimates of Yp or Yw based on mean monthly weather data,
or weather data derived from monthly means, can lead to large
bias toward over- or under estimation depending on the difference
between actual average sowing date and the assumed (or inferred)
sowing date at the beginning, mid-month or end of the month, to
accommodate use of monthly mean weather data.
Temperature and cumulative intercepted solar radiation during
the growing season have a large influence on Yp. Total inter-
cepted radiation is sensitive to both intensity of solar radiation
(MJ  m−2 d−1) and length of growing season. Length of growing
season is governed by temperature regime and crop management
with regard to planting date and maturity of the most widely used
crop cultivars. Density of plants per unit land area also influences
amount of intercepted solar radiation. Therefore, estimation of Yp
and Yw relevant to dominant cropping systems in a region requires
specification of planting date, crop cultivar maturity, and plant den-
sity typically used by farmers in that region.
Because of the detailed information required to accurately sim-
ulate crop yield in each region, it is expedient to limit the number
of RWS  required for robust and reproducible estimates of Yp or
Yw at a national scale. At the same time, if adequate area is not
represented, Yp or Yw estimates may  not provide accurate repre-
sentation at a national scale. This is especially true in more complex
cropping systems such as for rice in China where the initial RWS
selected in China was from a province where only a single, high-
yielding rice crop was  grown, which is not typical of the majority of
rice production in that country. Subsequent stations were located in
provinces that produce more than one crop per year and for which
the Yp of each of these multiple crops is much lower. The national
Yp estimate for China, as well as every other crop and country ana-
lyzed, varied little after 40–50% of harvested area was within the
buffer zones of selected RWS. While size of buffer zones may  need
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to vary depending on size of country for which national Yp or Yw
estimates are desired, achieving 50% coverage of harvested area
is likely to provide robust estimates of crop production potential
based on results from the current study, which included contrasting
crops with a wide range of water regimes and cropping system
complexity.
Average farm yields of rice in China and wheat in Germany were
82 and 80% of estimated national Yp and Yw, respectively. In con-
trast, current average Yw of rainfed U.S maize was  only 73% of
estimated Yw, which indicates a larger exploitable yield gap than
for rice in China or wheat in Germany. Both China and Germany
have seen very little or no growth in yields of rice and wheat, respec-
tively, for the past decade, especially compared to previous decades
(FAO, 2010), despite continued progress in agricultural technology
and a trend toward higher prices. Similarly, yield of irrigated U.S.
maize has not increased in the past decade and in this study cur-
rent average yields are estimated to be 77% of Yp. These estimates
of yield gap for rice in China, wheat in Germany, and irrigated maize
in the USA are consistent with the hypothesis that average national
yields begin to plateau when average farm yields reach 75 to 85%
of Yp or Yw (Cassman et al., 2003; Lobell et al., 2009). This yield
level has been proposed as the practical limit for national average
farm yields because it is neither logistically feasible nor profitable
for 100% of farmers to achieve yields equivalent to maximum bio-
physical potential yields. Therefore, analysis of future global food
security should restrict crop production potential to some fraction
of Yp and Yw to avoid over estimating national and global food
production potential.
5. Conclusions
Results from this study suggest improved protocols to obtain
robust, transparent, and reproducible estimates of Yp and Yw at
local, regional, and national scales for countries in which crops are
produced in areas with relatively homogeneous topographies. Such
a protocol would have the following components:
(1) use real weather data with daily time step and avoid monthly
means, or data derived from monthly means, and derived solar
radiation;
(2) 15 years of weather data for rainfed agriculture, while 5 years
may  be sufficient for estimates of Yp for fully irrigated produc-
tion systems;
(3) 50% coverage of harvested area using a procedure to select
regions with greatest crop production density;
(4) specification of current average sowing date, cultivar or hybrid
maturity, and plant population that gives maximum yield with
this sowing date and cultivar/hybrid maturity. Without well
documented evidence of what this optimal plant population
is, estimates of Yp and Yw should be based on current aver-
age plant population used by farmers in the target location and
cropping system;
(5) an appropriate weighting procedure to estimate Yp or Yw at
regional or national levels from point estimates at selected ref-
erence weather stations (such as up-scaling based on harvested
area within buffer zones around simulation sites); and
(6) an appropriate crop model that has been validated against field
data in which crops have been grown to produce yields that
approach Yp and Yw.
Acknowledgments
Completing the work reported in this paper would not have been
possible without input from: Jans Bobert at the Leibniz Center for
Agricultural Landscape Research for providing us with appropriate
genotype coefficients for Wheat in Germany; the Central Agrom-
eteorological Research Station of the German Weather Service in
Braunschweig for providing data for weather stations in Germany;
Rebecca Davis at the USDA RMA  for providing US maize county
level planting date data; Jinshun Bai and China Agricultural Uni-
versity generously provided us with observed solar data collected
at specific locations by the China Meteorological Administration;
Patricio Grassini and Martin van Ittersum for their suggestions for
the manuscript; and the Chinese agronomists who provided crop
management data for irrigated rice in China.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.fcr.2012.11.018.
References
Allen, R.G., Pereira, L.S., Raes, D., Smith, M.,  1998. Crop Evapotranspiration –
Guidelines for Computing Crop Water Requirements. Food and Agriculture Orga-
nization of the United Nations, Rome, Report nr 56.
Andarzian, B., Bakhshandeh, A.M., Bannayan, M., Emam, Y., Fathi, G., Alami, S., 2008.
WheatPot: a simple model for spring wheat Yp using monthly weather data.
Biosyst. Eng. 99, 487–495.
Bai, J., Chen, X., Dobermann, A., Yang, H., Cassman, K.G., Zhang, F., 2010. Evaluation
of NASA satellite- and model-derived weather data for simulation of maize yield
potential in China. Agron. J. 102, 9–16.
Baron, C., Balme, B.S., Sarr, M.,  Traoré, B., Lebel, S.B., Janicot, T., Dingkuhn, S.M.,
2005. From GCM grid cell to agricultural plot: scale issues affecting modelling
of  climate impact. Philos. Trans. R. Soc. B 360, 2095–2108.
Boling, A.A., Pascual, Z.P., Eusebio, W.H.,  Gregorio, G.B., Bouman, B.A.M., Tuong, T.P.,
Redona, E.D., 2010. Progress and challenges in identifying adaptive management
strategies in rice production for the prevailing climate. Philippine J. Crop Sci. 35,
28.
Bouman, B.A.M., van Laar, H.H., 2006. Description and evaluation of the rice growth
model ORYZA2000 under nitrogen-limited conditions. Agric. Syst. 87, 249–273.
Bouman, B.A.M., Kropfff, M.J., Tuong, T.P., Wopereis, M.C.S., Ten Berge, H.F.M., van
Laar, H.H., 2001. Oryza2000: Modeling Lowland Rice. International Rice Research
Institute, Los Ban˜os, Philippines.
Brisson, N., Gate, P., Gouache, D., Charmet, G., Oury, F.X., Huard, F., 2010. Why  are
wheat yields stagnating in Europe? A comprehensive data analysis for France.
Field Crops Res. 119, 201–212.
Bruinsma, J. 2009. The resource outlook to 2050: by how much do land, water and
crop yields need to increase by 2050? FAO expert meeting on how to feed the
world in 2050; 2009/06.
Cassman, K.G., 1999. Ecological intensification of cereal production systems: Yp, soil
quality, and precision agriculture. In: Proceedings of the National Academy of
Sciences (USA), pp. 5952–5959.
Cassman, K.G., Grassini, P., van Wart, J., 2010. Crop yield potential, yield trends and
global food security in a changing climate. In: Rosenzweig, C., Hillel, D. (Eds.),
Handbook of Climate Change and Agroecosystems. Imperial College Press, Lon-
don, p. 37.
Cassman, K.G., Dobermann, A.D., Walters, D., Yang, H., 2003. Meeting cereal demand
while protecting natural resources and improving environmental quality. Ann.
Rev. Environ. Res. 28, 315–358.
CMA, 2009. Tmin, Tmax  and Incident Solar Radiation (1990–2008). China Meteoro-
logical Association, Beijing, China.
Deryng, D., Sacks, W.J., Barford, C.C., Ramankutty, N., 2011. Simulating the effects
of climate and agricultural management practices on global crop yield. Global
Biog. Cyc. 25, 18.
Doorenbos, J., Kassam, A.H., 1979. Yield Response to Water. Food and Agriculture
Organization of the United Nations, Rome, Italy, Report nr 33.
Duvick, D.N., Cassman, K.G., 1999. Post-green-revolution trends in Yp of temperate
maize in the north-central United States. Crop Sci. 39, 1622–1630.
DWD, 2009. Tmax, Tmin, Incident Solar Radiation, Relative Humidity, Precipita-
tion and Windspeed (1983–1992). Deutscher Wetterdienst, Offenbach am Main,
Germany.
Evans, L.T., 1993. Crop Evolution, Adaptation and Yield. Cambridge University Press,
Cambridge.
FAO. 2010. FAOSTAT. http://faostat.fao.org/default.aspx
Feng, L.P., Bouman, B.A.M., Tuong, T.P., Cabangon, R.J., Li, Y.L., Lu, G.A., Feng, Y.H.,
2007. Exploring options to grow rice using less water in northern China using
a  modelling approach. I. Field experiments and model evaluation. Agric. Water
Manage. 88, 1–13.
Fischer, G., van Velthuizen, H., Shah, M.,  Nachtergaele, F.O., 2002. Global Agroecolog-
ical Assessment for Agriculture in the 21st Century: Methodology and Results.
FAO  and IIASA, Laxenburg, Austria, Report nr RR-02-02.
Gerald, C.F., Wheatley, P.O., 1984. Applied Numerical Analysis. Addison-Wesley Pub.
Co,  Reading, Mass.
J. van Wart et al. / Field Crops Research 143 (2013) 34–43 43
Ghaffari,  A., Cook, H.F., Lee, H.C., 2001. Simulating winter wheat yields under tem-
perate conditions: exploring different management scenarios. Eur. J. Agron. 15,
231–240.
Godfray, H.C.J., Beddington, J.R., Crute, I.R., Haddad, L., Lawrence, D., Muir, J.F., Pretty,
J.,  Robinson, S., Thomas, S.M., Toulmin, C., 2010. Food security: the challenge of
feeding 9 billion people. Science 327, 812-818.
Grassini, P., Yang, H.S., Cassman, K.G., 2009. Limits to maize productivity in Western
Corn-Belt: a simulation analysis for fully irrigated and rainfed conditions. Agric.
For. Meteorol. 149, 1254–1265.
Graybosch, R.A., Peterson, C.J., 2010. Genetic improvement in winter wheat yields
in  the Great Plains of North America, 1959–2008. Crop Sci. 50, 1882–1890.
Hargreaves, G.H. 1994. Simplified coefficients for estimating monthly solar radiation
in  North America and Europe. Logan, Utah: Utah State University. Report nr
Departmental Paper, Department of Biology and Irrigation Engineering.
Hargreaves, G.H., Samani, Z.A., 1982. Estimating potential evapotranspiration. J. Irrig.
Drain. Eng. 108, 223–230.
Hartwich, R., Behrens, J., Eckelmann, W.,  Haase, G., Richter, A., Roeschmann,
G.,  Schmidt, R., 1995. Bodenübersichtskarte der Bundesrepublik Deutschland
1:1.000.000. In: Erläuterungsheft ,,Karte mit  Erläuterungen, Textlegende und
Leitprofilen. Federal Institute for Geosciences and Natural Resources, Hannover,
Germany.
Herdt, R.W., Mandac, A.M., 1981. Modern technology and economic-efficiency of
Philippine rice farmers. Econ. Dev. Cultural Change 29, 375–399.
Hopper, W.D., 1965. Allocation efficiency in a traditional Indian agriculture. J. Farm
Econ. 47, 611–624.
HPRCC. 2011 HPRCC classic online services weather data retrieval system.
<http://hprcc1.unl.edu/cgi-hpcc/home.cgi> (accessed 2010 August).
Hubbard, K.G., Guttman, n.B., You, J., Chen, Z., 2007. An improved QC process for
temperature in the daily cooperative weather observations. J. Atmos. Ocean.
Technol. 24, 206–213.
Hubbard, K.G., Goddard, S., Sorensen, W.D., Wells, N., Osugi, T.T., 2005. Performance
of quality assurance procedures for an applied climate information system. J.
Atmos. Ocean. Technol. 22, 105–112.
Hunt, L.A., Pararajasingham, S., Jones, J.W., Hoogenboom, G., Imamura, D.T., Ogoshi,
R.M., 1993. GENCALC- software to facilitate the use of crop models for analyzing
field experiments. Agron. J. 85, 1090–1094.
IPCC, 2007. Climate Change 2007. Cambridge University Press, New York.
Jones, J.W., Hoogenboom, G., Porter, C.H., Boote, K.J., Batchelor, W.D., Hunt, L.A.,
Wilkens, P.W., Singh, U., Gijsman, A.J., Ritchie, J.T., 2003. The DSSAT cropping
system model. Eur. J. Agron. 18, 235–265.
Karl, T.R., Trenberth, K.E., 2003. Modern global climate change. Science 302,
1719–1723.
Klingebiel, A.A., Montgomery, P.H., 1961. Land-capability classification. In: Agricul-
tural Handbook. USDA, Soil Conservation Service, Washington, D.C, 210 p.
Kropff, M.J., Cassman, K.G., van Laar, H.H., Peng, S., 1993. Nitrogen and yield potential
of irrigated rice. Plant Soil 155–156, 391–394.
Licker, R., Johnston, M.,  Foley, J.A., Barford, C., Kucharik, C.J., Monfreda, C.,
Ramankutty, N., 2010. Mind the gap: how do climate and agricultural manage-
ment explain the ‘yield gap’ of croplands around the world. Global Ecol. Biogeogr.
19, 769–782.
Liu, Y., Li, S.Q., Chen, X.P., Bai, J.S., 2008. Adaptability of Hybrid-Maize model and
potential productivity estimation of spring maize on dry highland loess plateau.
Trans. Chin. Soc. Agric. Eng. 24, 302–308.
Lobell, D.B., Field, C.B., 2007. Global scale climate-crop yield relationships and the
impacts of recent warming. Environ. Res. Lett. 2, 1–7.
Lobell, D.B., Cassman, K.G., Field, C.B., 2009. Crop yield gaps: their importance, mag-
nitudes and causes. Annu. Rev. Environ. Resour. 34, 4.
Menon, S., Hansen, J., Nazarenko, L., Luo, Y., 2002. Climate effects of black carbon
aerosols in China and India. Science 297, 2250–2253.
National Agricultural Statistical Service (NASS). 2010a. US irrigated and
rainfed maize yield, harvested area and production 2004–2008.
NASS Marketing and Information Services Office, Washington D.C.
<http://http://www.nass.usda.gov/> (accessed 2010 August).
National Agricultural Statistics Service (NASS). 2010b. 2009 US Cropland Data
Layer. NASS Marketing and Information Services Office, Washington D.C.
<http://www.nass.usda.gov/research/Cropland/SARS1a.htm> (accessed 2010
August).
National Oceanic and Atmospheric Association. 2010. Global surface summary of
the day dataset. <ftp://ftp.ncdc.noaa.gov/pub/data/gsod/>.
Neumann, K., Verberg, P.H., Stehfest, E., Muller, C., 2010. The yield gap of global grain
production: a spatial analysis. Agric. Syst. 103, 316–326.
Nonhebel, S., 1994. The effects of use of average instead of daily weather data in
crop growth simulation-models. Agric. Syst. 44, 377–396.
Peng, S., Cassman, K.G., Virmani, S.S., Sheehy, J., Khush, G.S., 1999. Yield potential
trends of tropical rice since the release of IR8 and the challenge of increasing
rice yield potential. Crop Sci. 39, 1552–1559.
Penning de Vries, W.T., Rabbinge, R., Groot, J.J.R., 1997. Potential and attainable food
production and food security in different regions. Philos. Trans. R. Soc. B 360,
2067–2083.
Phalan, B., Balmford, A., Green, R.E., Scharlemann, J.P.W., 2011. Minimizing the harm
to biodiversity of producing more food globally. Food Policy 36, S62–S71.
Portmann, F.T., Siebert, S., Döll, P., 2010. MIRCA2000 – global monthly irrigated and
rainfed crop areas around the year 2000: a new high-resolution data set for
agricultural and hydrological modeling. Global Biog. Cyc. 24, GB1011.
Priya, S., Shibasaki, R., 2001. National spatial crop yield simulation using GIS-based
crop production model. Ecol. Model. 135, 113–129.
Ritchie, J.T., Godwin, D.C., Otter-Nacke, S., 1988. CERES-Wheat. University of Texas
Press, Austin, TX.
Ritchie, J.T., Godwin, D.C., Otter-Nacke, S., 1985. CERES-Wheat: A User Oriented
Wheat Yield Model: Preliminary Documentation. Michigan State University, MI,
Report nr AGRISTARS Publication No. YM-U3-04442-JSC-18892.
Rosegrant, M.W., Ringler, C., Zhu, T.J., 2009. Water for agriculture: maintaining food
security under growing scarcity. Ann. Rev. Env. Resour. 34, 205–222.
Saxton, K.E., Rawls, W.J., Romberger, J.S., Papendick, R.I., 1986. Estimating general-
ized soil–water characteristics from texture. Soil Sci. Soc. Am. J. 50, 1031–1036.
Searchinger, T., Heimlich, R., Houghton, R.A., Dong, F., Elobeid, A., Fabiosa, J., Tokgoz,
S., Hayes, D., Yu, T.H., 2008. Use of U.S. croplands for biofuels increases green-
house gases through emissions from land-use change. Science 319, 1238–1240.
Seling, S., Lindhauer, M.G., 2005. Die Qualität der deutschen Weizenernte 2005.
Part I: quantitatives und qualitatives Ergebnis in Bund und Ländern. Mühle +
Mischfutter 146, 663–671.
Seling, S., Schwake-Anduschus, C., Lindhauer, M.G., 2009. Die Qualität der deutschen
Weizenernte 2009. Part I: quantitatives und qualitatives Ergebnis in Bund und
Ländern. Mühle + Mischfutter 146, 672–681.
Sheriff, G., 2005. Efficient waste? Why  farmers over-apply nutrients and the impli-
cations for policy design. Rev. Agric. Econ. 27, 542–557.
Singh, A.K., Tripathy, R., Chopra, U.K., 2008. Evaluation of CERES-Wheat and CropSyst
models for water–nitrogen interactions in wheat crop. Agric. Water Manage. 95,
776–786.
Soil Survey Staff. 2010. Soil survey geographic (SSURGO) database for the corn belt.
Natural Resources Conservation Service. United States Department of Agricul-
ture Available from: Available online at http://soildatamart.nrcs.usda.gov
Thornton, P.E., Running, S.W., 1999. An improved algorithm for estimating inci-
dent daily solar radiation from measurements of temperature, humidity, and
precipitation. Agric. For. Meteorol. 93, 211–228.
Timsina, J., Humphreys, E., 2006. Performance of CERES-rice and CERES-wheat mod-
els in rice-wheat systems: a review. Agric. Syst. 90, 5–31.
UNFPA. 2010. State of world population 2010-from conflict and crisis to renewal:
generations of change. United Nations Population Fund Available from:
http://www.unfpa.org/swp/2010/web/en/pdf/EN SOWP10.pdf
van Bussel, L.G.J., Muller, C., van Keulen, H., Ewert, F., Leffelaar, P.A., 2011. The effect
of  temporal aggregation of weather input data on crop growth models’ results.
Agric. For. Meteorol. 151, 607–619.
Wang, Y.P., Connor, D.J., 1996. Simulation of optimal development for spring wheat
at  two locations in southern Australia under present and changed climate con-
ditions. Agric. For. Meteorol. 79, 9–28.
White, J.W., Hoogenboom, G., Wilkens, P.W., Stackhouse Jr., P.W., Hoell, J.M., 2011.
Evaluation of satellite-based, modeled-derived daily solar radiation data for the
continental United States. Agron. J. 103, 1242–1251.
Winslow, J.C., Hunt, J., Piper, S.C., 2001. A globally applicable model of daily solar
irradiance estimated from air temperature and precipitation data. Ecol. Model.
143,  227–243.
Wit, A.J.W., Boogaard, H.L., Diepen, C.A., 2005. Spatial resolution of precipitation and
radiation: the effect on regional crop yield forecasts. Agric. For. Meteorol. 135,
156–168.
Yang, H., Dobermann, A., Cassman, K.G., Walters, D.T., 2006. Features, applications,
and limitations of the hybrid-maize simulation model. Agron. J. 98, 737–748.
Yang, H.S., Doberman, A., Lindquist, J.L., Walters, D.T., Arkebauer, T.J., Cassman, K.G.,
2004. Hybrid-maize-a maize simulation model that combines two crop model-
ing approaches. Field Crops Res. 87, 131–154.
You, J., Hubbard, K.G., Goddard, S., 2008. Comparison of methods for spatially esti-
mating station temperatures in a quality control system. Int. J. Climatol. 28,
777–787.
Zhai, F.Y., Yang, X.G., 2006. Report on the Situation of Nutrition and Health of Chinese
residents: II. The Status of Diet and Nutrient Uptake in 2002. People’s Medical
Publishing House, Beijing.
